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Abstract: Surface roughness on implant materials has been
shown to be highly influential on the behavior of osteogenic
cells. Four surface topographies were engineered on cobalt
chromium molybdenum (CoCrMo) in order to examine this
influence on human mesenchymal stem cells (MSC). These
treatments were smooth polished (SMO), acid etched (AE)
using HCl 7.4% and H2SO4 76% followed by HNO3 30%, sand
blasted, and acid etched using either 50 lm Al2O3 (SLA50) or
250 lm Al2O3 grit (SLA250). Characterization of the surfaces
included energy dispersive X-ray analysis (EDX), contact
angle, and surface roughness analysis. Human MSCs were
cultured onto the four CoCrMo substrates and markers of cell
attachment, retention, proliferation, cytotoxicity, and osteo-
genic differentiation were studied. Residual aluminum was
observed on both SLA surfaces although this appeared to be
more widely spread on SLA50, whilst SLA250 was shown to
have the roughest topography with an Ra value greater than
1 lm. All substrates were shown to be largely non-cytotoxic
although both SLA surfaces were shown to reduce cell
attachment, whilst SLA50 also delayed cell proliferation. In
contrast, SLA250 stimulated a good rate of proliferation
resulting in the largest cell population by day 21. In addition,
SLA250 stimulated enhanced cell retention, calcium deposi-
tion, and hydroxyapatite formation compared to SMO
(p<0.05). The enhanced response stimulated by SLA250 sur-
face modification may prove advantageous for increasing the
bioactivity of implants formed of CoCrMo. VC 2015 Wiley Periodi-
cals, Inc. J Biomed Mater Res Part A: 103A: 3747–3756, 2015.
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INTRODUCTION
The average life expectancy in the UK has risen 4.2 years
between 1990 and 2010.1 One of the many consequences of
this situation is an increasing demand for arthroplasty pro-
cedures.2 This growing demand for total hip replacements
(THR) and total knee replacements (TKR) is not restricted
solely to the UK, but is an international trend,3 with the
USA predicted to see a drastic increase in arthroplasty pro-
cedures by the year 2030.4,5 As a result of this, what was
once deemed to be acceptable as sufﬁcient implant perform-
ance in orthopedic devices is no longer so, as patients now
require devices that promote reduced recovery times, along-
side increased longevity.
To increase the performance of a biomaterial, the biolog-
ical response at the bone implant interface can be inﬂu-
enced by surface modiﬁcation of the implant.6 In modifying
the implant surface, cell behavior can be controlled and
manipulated to promote a desired response.7 Methods of
surface modiﬁcation are highly varied, ranging from micron
scale machining and etching,8 to the formation of grooves,9
tubes,10 pores,11 and pillars12,13 on the nanoscale.
One such method of topographical surface modiﬁcation
used widely on titanium is sand blasting followed by acid
etching (SLA), which has been shown to be capable of pro-
moting a desirable response in vitro and in vivo.14,15 The
dual step procedure is thought to form a microscale topogra-
phy through the blasting process, which is then followed by
the addition of a nanoscale topography via acid etching.15
>Despite the general acceptance that the material of
choice for orthopedic applications is titanium and its alloys,
other more mechanically strong materials are often preferred
in some procedures.16 Cobalt chromium molybdenum
(CoCrMo) lacks the bioactivity of titanium, but is widely used
in orthopedic applications where a mechanically superior
material is required. Efforts to improve the bioactivity of
CoCrMo have included chemical vapor deposition coating,17
sol–gel coating,18 ultraviolet photofunctionalization,19,20 and
immobilization with bone morphogenic peptides.21–23 Surface
modiﬁcation of CoCrMo through topographical methods
remains largely un-investigated.
The present study sought to investigate whether the SLA
surface modiﬁcation used widely on titanium could be
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replicated onto CoCrMo in an attempt to increase the bioactiv-
ity of the material. Samples of CoCrMo were prepared as
smooth, acid etched, SLA using 50-lm Al2O3 grit and SLA using
250-lm Al2O3 grit, and characterized using SEM, contact angle,
and surface roughness analysis. Human mesenchymal stem
cells (MSCs) were utilized to study the changes in bioactivity
induced by all four surface topographies by measuring cell pro-
liferation, attachment, retention, cytotoxicity, and osteogenic
differentiation in the form of calcium deposition, hydroxyapatite
formation, and alkaline phosphatase (ALP) activity.
MATERIALS AND METHODS
Sample preparation
Discs formed of CoCrMo (Cr 26–30%, Mo 5–7%), dimensions
of Ø 15 mm, 1 mm thickness, were supplied with a machined
ﬁnish which was removed as previously described to create a
smooth (SMO) topography.17,19 SMO discs were then used to
engineer three other topographies; acid etched (AE), sand
blasted acid etched using 50 mm Al2O3 grit (SLA50), and sand
blasted acid etched using 250 mm Al2O3 (SLA250). AE sub-
strates were created by following a previously reported proto-
col,24 which involved acid etching in HCl 7.4% and H2SO4
76% for 6 min at 1008C, followed by HNO3 30% for 5 min at
608C. All samples were rinsed under H2O between etches and
ﬁnally sonicated in isopropanol (15 min at 308C) followed by
ddH2O (10 min at room temperature (RT)) and air dried.
SLA50 and SLA250 substrates were created by ﬁxing SMO
discs on a mount and subsequently grit blasting at 95 Psi at a
distance of 5 cm (Vaniman, Sandstorm 2, 80301). 250 mm
Al2O3 was used as the blasting media for SLA250 substrates
(Renfert, Cobra, 15851005), whilst 50 mm Al2O3 media was
used for SLA50 (Renfert, Cobra, 15941205). SLA50 and
SLA250 substrates were then sonicated in isopropanol (15
min at 308C) followed by ddH2O (10 min at RT) before under-
going the same acid etching protocol as AE. Before the discs
were used for cell culture experiments all discs were washed
thoroughly in ddH2O, air dried, and sterilized by ultraviolet
light irradiation for 20 min on each side (BONMAY, BR-506).
Characterization
Characterization of SMO, AE, SLA50, and SLA250 substrates
was performed by studying surface wettability, roughness, and
elemental analysis. Contact angle measurements were taken
using an optical contact angle meter (KSV Instruments, Cam
200) with drops of ddH2O (n5 10). The surface topography of
each substrate was analyzed by laser proﬁlometry (Scantron,
Proscan 100) where a total area of 6.25 mm2 was examined on
each surface (n5 3). Roughness values in the form of Ra were
then calculated using Proscan software. In addition, scanning
electron microscopy (SEM) combined with energy dispersive X-
ray analysis (EDX) was performed to examine the surface chem-
istries of the four surfaces.
Cell culture
Human MSCs isolated from the bone marrow of three
donors were acquired from the Institute for Regenerative
Medicine, Texas A & M Health Science Center College of
Medicine. Expression of stem cell markers, as well as
adipogenic, chondrogenic, and osteogenic differentiation
markers had been assessed during pre-characterization
studies. Cells were seeded on tissue culture plastic at a
density of 740 cells per cm2 and expanded in a minimum
essential medium (MEM, Gibco, 22571-020) containing
10% fetal bovine serum (FBS, Invitrogen, 10270106) and
1% penicillin/streptomycin (PS, Sigma-Aldrich, P0781).
Cells were then incubated at standard culture conditions of
378C, 5% CO2 in a humidiﬁed atmosphere until they
reached 80% conﬂuence, when they were then harvested
by trypsin (0.05%/EDTA (0.002%) (Life technologies, R-
001-100). When osteogenic media (OM) was employed it
consisted of Dulbecco’s Modiﬁed Eagle’s Medium (DMEM,
Gibco, 31885-023) containing 10% FBS, 1% PS, and fur-
ther supplemented with b-glycerol phosphate (Sigma-
Aldrich, G9891), L-ascorbic acid (Sigma Aldrich, A8960),
and dexamethasone (Sigma-Aldrich, D9402). To ensure
integrity of the results, MSCs of low passage were used for
the experiments (<5).
Live/Dead
MSCs were seeded at 3.5 3 104 cells per well onto SMO,
AE, SLA50, and SLA250 substrates in a 24-well plate
(n5 3). After 24-h incubation at standard culture condi-
tions, MSCs were washed twice in 1 mL of Dulbecco’s phos-
phate buffered saline (PBS, Lonza, 17-512F) and incubated
with Live/Dead assay reagent for 15 min in the dark at RT
(Life technologies, R37601). Following this, substrates were
viewed using a ﬂuorescence microscope ﬁtted with the
appropriate ﬁlters (Leica, DMIRB).
Proliferation
MSCs from three donors were seeded at an initial density of 2
3 103 cells per well on SMO, AE, SLA50, and SLA250 sub-
strates (n53). Individual plates were setup for growth media
(GM) and OM. Both plates were incubated at standard culture
conditions and had the media replaced at each time point of
analysis. The number of cells at each time point was meas-
ured by the AlamarBlue assay (AbD Sertoec, BUF012B). 100
lL of assay reagent was added to each well containing 1 mL
of media and cells were incubated for 4 h at standard culture
conditions. Following this, two 100 lL aliquots of supernatant
were removed from each well for analysis using a ﬂuores-
cence plate reader (BioTek, FLX800, Excitation k5 530 nm,
emission k5 590 nm). Cell numbers were calculated through
interpolation via a standard curve.
Attachment
Cell attachment was studied using MSCs from three donors
seeded at density 4 3 104 cells per well on SMO, AE, SLA50,
and SLA250 substrates (n5 3). Following 24-h incubation at
standard culture conditions in GM, the media in each well
was removed and replaced, and the remaining cells were
quantiﬁed using AlamarBlue as previously described.
Retention
To gain an understanding of how well the remaining cells
were attached to the substrate surface, a retention study
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was performed. MSCs from three donors were seeded at 3.5
3 104 cells per well on SMO, AE, SLA50, and SLA250 sub-
strates in GM (n5 3). Cells were incubated for 24 h at
standard culture conditions and then underwent three thor-
ough washes using PBS on an orbital shaker (60 s at
60 rpm). The remaining cells were then quantiﬁed using
AlamarBlue as previously described.
Osteogenic assays
Markers of both the early and late stages of the osteogenic
differentiation process were studied. ALP activity was stud-
ied after 5 days in culture, whilst calcium deposition and
hydroxyapatite formation was analyzed following 21 days in
culture.
For ALP, MSCs from three donors were seeded at 2 3
104 cells per well in OM on SMO, AE, SLA50, and SLA250
substrates (n53). Prior to performing the ALP assay the
number of cells was quantiﬁed using AlamarBlue as previ-
ously described. A colorimetric assay was then used to
assess ALP activity as per the manufacturer’s instructions
(Anaspec, SensoLyte AS-72146). Cells were washed twice
with assay buffer then homogenized using triton X-100,
before being transferred to a micro-centrifuge tube and
stored at 48C for 10 min. The cell suspension was then cen-
trifuged at 2500g for 10 min at 48C to form a pellet. About
50 mL of each sample was then combined with 50 mL p-
nitrophenyl phosphate substrate solution in a 96-well plate
and left for 60 min in the dark at RT. Following this, the
optical density was measured at 405 nm (Tecan, M200) and
concentrations were calculated through use of concentration
standards.
The concentration of calcium ions was measured using a
colorimetric assay as per the manufacturer’s instructions
(Bio Assay Systems, QuantiChrom, DICA-500). MSCs from
three donors were seeded at 12.5 3 103 cells per well in
OM on SMO, AE, SLA50, and SLA250 (n53). AlamarBlue
was used to measure the number of cells prior to perform-
ing the assay. Cells were washed twice using PBS before
being incubated with 500 mL 1M HCl for 60 min at RT on a
rocking plate. A 5 mL aliquot from each sample was then
transferred to a 96-well plate where it was combined with
200 mL assay reagent, and calcium levels were obtained
(k5 612 nm, Tecan, M200) with concentrations calculated
through use of known concentration standards.
Hydroxyapatite was analyzed by both ﬂuorescence
microscopy and ﬂuorescent plate reader using the Osteo-
Image mineralization assay (Lonza, PA-1503). MSCs from
three donors were seeded at 12.5 3 103 cells per well in OM
on SMO, AE, SLA50, and SLA250 substrates (n5 3). The cells
were washed twice using PBS and ﬁxed for 15 min by 4%
paraformaldehyde. After ﬁxation, cells were washed a further
two times using wash buffer and then incubated with stain-
ing reagent for 30 min at RT in the dark. After three addi-
tional washes, the amount of hydroxyapatite was measured
using a ﬂuorescent plate reader (Excitation k5 492 nm,
emission k5520 nm, BioTek, FLX800). Visual detection of
hydroxyapatite was also performed using a ﬂuorescence
microscope ﬁtted with the appropriate ﬁlters (Leica, DMIRB).
Statistical analysis
Human MSCs from three donors (N5 3) were used in tripli-
cate (n53) throughout the study. SEM EDX scans were per-
formed at n5 8, contact angle analysis was performed at
n510 and roughness scans were completed at n53. Statis-
tical analysis was carried out using the students t test in
GraphPad Prism software (v5.04) with p< 0.05 deemed to
be statistically signiﬁcant.
RESULTS
Contact angle
As shown in Figure 1, the most hydrophobic of the four top-
ographies was SMO (83.1186 7.418). AE was shown to be
the most hydrophilic of the four (42.7086 11.458), with a
lower contact angle than both SLA50 (63.0986 15.268) and
lastly SLA250 (77.6086 16.058).
Roughness
The roughness of each substrate was analyzed by laser pro-
ﬁlometry with the results shown in Figure 2. The SMO sub-
strate (0.096 0.01) was found to have the lowest Ra value
which was signiﬁcantly less rough compared to AE
(0.156 0.05) (p< 0.05). Both SLA50 (0.8260.03) and
SLA250 (1.0260.03) were signiﬁcantly rougher than SMO
and AE, whilst SLA250 was also found to have a signiﬁ-
cantly greater Ra value compared to SLA50 (p< 0.05).
SEM and EDX
SEM analysis showed an almost featureless topography on
SMO and the formation of what appeared to be grain boun-
daries on AE [Fig. 3(A)]. SLA substrates were evidently dif-
ferent from SMO and AE, with the presence of peaks and
pits visible on the substrate surface [Fig. 3(A)]. EDX was uti-
lized to detect the presence of residual alumina on the sub-
strate surface following surface modiﬁcation techniques. As
FIGURE 1. Contact angle of ddH2O on each substrate. Each column
represents the mean61 standard deviation (SD) (n5 10). *p< 0.05
substrate verses AE, # p< 0.05 substrate verses SLA50.
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expected, no aluminum was found on either SMO or AE sub-
strates as they did not undergo sandblasting. Residual alu-
minum was observed on both SLA50 (8.6065.71) and
SLA250 (7.376 0.97) substrates [Fig. 3(C)]. A larger amount
of aluminum was found on the SLA50 substrate although
this was not statistically signiﬁcant. Interestingly, the distri-
bution of residual aluminum on the substrate surface was
noticeably different between SLA50 and SLA250. As shown
in Figure 3(B), the SLA50 substrate appeared to have a
greater spread of aluminum in the form of numerous small
patches. This was not found to the same extent on SLA250,
which appeared to have fewer residual particles that were
noticeably larger in size.
Live/Dead
Live/Dead staining was used to ascertain the cytotoxicity of
the four surface topographies. Using ﬂuorescence micros-
copy, all four substrates showed acceptable cytocompatibil-
ity (Fig. 4). A number of dead cells that were positive for
the red ﬂuorescent marker were observed on each sub-
strate, although they appeared to be most frequent on
SLA50.
Proliferation
The rate of proliferation in both OM and GM was studied
for 21 days as shown in Figure 5. In GM the AE substrate
stimulated the fastest rate of proliferation up to day 11,
whilst SLA50 appeared to delay cellular proliferation.
SLA250 was capable of promoting proliferation beyond day
14 when the other substrates seemed to reach a level of
conﬂuence, and consequently, SLA250 had the largest cell
population by day 21. Proliferation in OM was similar
across all substrates although a smaller number of cells
were found on both SLA surfaces after 24 h compared to
SMO and AE. There was a distinct difference in the rate of
proliferation observed in cells cultured in GM [Fig. 5(A)]
and OM [Fig. 5(B)]. GM stimulated a rapid rate of cell
growth whilst the use of OM appeared to slow down and
inhibit cellular proliferation.
Attachment
Cell attachment was studied after 24 h in culture. Both SMO
(32,8156 4380) and AE (30,6356 2650) had signiﬁcantly
more attached cells than the SLA50 (25,1236 3015) and
SLA250 (28,0176 4305) substrates as seen in Figure 6
(p<0.05). In addition, SLA250 had signiﬁcantly more
attached cells compared to SLA50 (p< 0.05).
Retention
To gain an understanding of how well adhered the MSCs
were to the substrate surface, cell retention was studied
after three mechanical washes in PBS following 24 h in cul-
ture. As shown in Figure 7, both AE (13,4316 1827) and
SLA250 (14,10561479) substrates had signiﬁcantly more
remaining cells compared to SMO (92216 1765) and SLA50
(10,7096 2652) (p< 0.05). This data implies that those
cells attached to AE and SLA250 are better adhered to the
substrate surface than those found on SMO and SLA50.
Calcium deposition
The level of osteogenic differentiation occurring on the
surface of a substrate can be associated with the rate of
mineralization. To monitor this process, the amount of cal-
cium per cell was quantiﬁed on each substrate after 21
days culture in OM. As shown in Figure 8, both SLA surfa-
ces stimulated signiﬁcantly greater calcium deposition than
that found on SMO (p< 0.05). SLA250 was also found to
have signiﬁcantly more calcium per cell than AE (p< 0.05),
which indicates that MSCs were differentiating at a supe-
rior rate on SLA250.
Hydroxyapatite formation
Hydroxyapatite formation is widely recognized as a late
marker of mineralization and osteogenic differentiation.
After 21 days in culture, hydroxyapatite formation was
quantiﬁed by ﬂuorescent plate reader and visually assessed
via ﬂuorescence microscopy. As shown in Figure 9, there
was a signiﬁcantly stronger hydroxyapatite signal present
on both SLA50 and SLA250 compared to SMO and AE
(p<0.05). Microscopy analysis conﬁrmed the widespread
deposition of hydroxyapatite on the surface of SLA50 and
SLA250 substrates, implying that a greater level of minerali-
zation was occurring on these substrates compared to SMO
and AE.
ALP
The level of ALP activity per cell was studied after 5 days in
culture in OM. No signiﬁcant difference was observed in
cells across the four substrates.
DISCUSSION
The mechanical strength of CoCrMo and its excellent resist-
ance to wear make it a desirable material for use in
FIGURE 2. Surface roughness values of all four topographies. Each
bar represents the mean61 SD (n5 3). *p< 0.05 substrate verses
SMO, # p<0.05 substrate verses AE,1p< 0.05 substrate verse
SLA50.
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orthopedic applications, where devices must be long-lasting
and capable of withstanding the harsh cyclic loading of the
joint. Despite CoCrMo’s superior mechanical properties, it
lacks the biocompatibility of other bio-metals such as tita-
nium.16 The present study aimed to investigate whether the
bioactivity of CoCrMo could be enhanced through topo-
graphically modifying the surface of the material in an
attempt to create an environment that enhanced osteoinduc-
tion and osteoconduction in human MSCs.
MSCs can be affected by topographical features present
on a material surface.25 To prevent this occurring, all
CoCrMo discs were initially ground and polished to a
smooth featureless ﬁnish as previously described,17 with
discs at this stage used as a smooth control. Three
FIGURE 3. A: SEM images displaying surface topography of the four substrates. Scale bar510 lm. B: EDX mapping of aluminum on SLA50 and
SLA250, showing variation in residual Al2O3 particle distribution on the substrate surface. Scale bar5100 lm. C: Quantitative % data from EDX
scans (n5 8). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
ORIGINAL ARTICLE
JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | DEC 2015 VOL 103A, ISSUE 12 3751
additional topographies were then created via a combina-
tion of sandblasting and acid etching techniques.
Surface roughness of the four substrates was analyzed
by laser proﬁlometry. As shown in Figure 2, it was found
that SMO had the lowest Ra value. AE had the second lowest
Ra value which was followed by SLA50, leaving SLA250 as
the most rough substrate, with an Ra value of 1.026 0.03
lm. Moderately rough surfaces with a Ra value within range
of 1–2 lm are suggested to promote the strongest bone
response compared against smooth (Ra 0–0.5 mm), mini-
mally rough (Ra 0.5–1 mm), and rough surfaces (Ra>2
mm).26 This data implies that the rough topography formed
by sandblasting with 250 lm Al2O3 grit may be best suited
at enhancing mineralization.
Contact angle measurements using ddH2O were used to
study the wettability of the substrates. Interestingly, those
substrates that had undergone the acid etching process
appeared to have different surface properties to the SMO
substrates (Fig. 1). AE had the lowest contact angle of the
four substrates, with both SLA50 and SLA250 showing an
increase in contact angle that correlated to surface rough-
ness. In contrast, SMO did not follow this trend, as it had
the lowest Ra value, yet was observed to be the most hydro-
phobic. Nitric acid was recently reported to be an effective
method of activating the surface of CoCrMo.27 It was shown
that treatment with nitric acid increased the wettability of
CoCrMo, due to the removal of surface contaminants and
introduction of hydrophilic groups at the material surface.
Surface contaminants such as hydrocarbons can reduce
osteoblast activity.28 This indicates that acid etching may
not only be advantageous by way of modifying the substrate
topographically, but also chemically through surface
cleansing.
Elemental analysis of each substrate was performed using
EDX. Despite the implementation of thorough cleaning steps
throughout sample production, the presence of residual alumi-
num particles was present on SLA surfaces, which has been
reported previously on other engineered SLA surfaces.29
SLA50 had a larger amount of residual aluminum, although
this difference was not signiﬁcant (p5 0.4748). Interestingly,
visual analysis of the location of residual aluminum was
noticeably different between SLA50 and SLA250. As shown in
Figure 3, SLA50 appeared to have a greater amount of resid-
ual particles that were comprehensively spread across the
material surface. In contrast, aluminum on SLA250 was con-
gregated in speciﬁc areas and as a result, had large sections
of the surface that were not contaminated with aluminum.
The cytocompatibility of the substrates was analyzed by
Live/Dead staining after 24 h in culture. As shown in Figure
4, all substrates were largely non-toxic, although of the four,
SLA50 appeared to have the largest number of dead cells.
An increased number of apoptotic cells after 24 h was also
reported on SLA titanium compared to smooth30 which
implies that there may be a topographical property of the
SLA surface which triggers some apoptosis in human MSCs.
The ability of a bio-metal to promote cellular prolifera-
tion is important factor in regards to implant performance.
It was observed that in GM, the AE substrate promoted an
FIGURE 4. Live/Dead images displaying human MSCS on all four topographies. Green: live cells stained with calcein AM. Red: dead cells. Scale
bar5100 lm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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accelerated rate of proliferation [Fig. 5(A)] which has been
previously reported on acid-etched titanium substrates.31 In
addition, the lower contact angle found on AE may have
affected the rate of proliferation, as material wettability has
been shown to be inﬂuential in this process, with hydro-
philic surfaces reported as superior over their hydrophobic
counterparts.20,32 It was also found that SLA50 delayed MSC
proliferation at early time points, which may be a result of
aluminum contamination, as previously reported.33 However
despite having the similar amounts of aluminum residue,
SLA250 did not inhibit proliferation and promoted adequate
cell growth to obtain the largest cell population of the four
surfaces by day 21. This difference might be related to the
distribution of the residues seen between SLA50 and
SLA250 (Fig. 3). Interestingly, a somewhat lower number of
cells were observed on both SLA surfaces after 24 h in GM
and OM [Fig. 5(A,B)] although by day 4, a comparable num-
ber were found on all substrates. The variation observed in
the rate of cellular proliferation in GM and OM can be
accounted to the presence of osteogenic supplements in the
FIGURE 6. Cell attachment data following 24 h incubation. Each bar
represents the mean61 SD (N5 3) (n5 3). *p< 0.05 substrate verses
SLA50. #p< 0.05 substrate verses SLA250.
FIGURE 7. Cell retention data displaying the remaining cell population
following three mechanical washes. Each bar represents the mean61
SD (N5 3) (n5 3). *p< 0.05 substrate verses SMO. #p< 0.05 substrate
verses SLA50.
FIGURE 8. Calcium deposition per cell after 21 days culture in OM.
Each bar represents the mean61 SD (N5 3) (n5 3). *p< 0.05 sub-
strate verses SMO. #p< 0.05 substrate verses AE.
FIGURE 5. Proliferation data of human MSCs in GM (A) and OM (B).
Each point depicts the mean6 1 SD (N5 3) (n5 3). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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OM. These supplements trigger the MSCs to differentiate
along their osteogenic linage to form osteoblasts and as a
consequence can reduce proliferation.19,34
Cell attachment was analyzed after 24 h in GM. It was
found that signiﬁcantly more cells had attached to SMO and
AE compared to SLA50 and SLA250 (Fig. 6). In addition,
SLA250 was found to have signiﬁcantly more attached cells
compared to SLA50. This data correlates with the reduction
in the number of cells observed after 24 h during the prolif-
eration experiment [Fig. 5(A,B)]. It is likely that instead of
inhibiting early stage cellular proliferation, the SLA sub-
strates are stimulating a degree of apoptosis, resulting in a
reduction in cell attachment, a phenomenon also seen on
roughened titanium.30 Figure 4 shows a higher number of
dead cells on SLA50 which supports this interpretation of
the data.
In addition to cell attachment, a measure of how well
MSCs were adhered to the substrate surface was analyzed
by counting the remaining cells following three mechanical
washes in PBS. Both AE and SLA250 substrates had signiﬁ-
cantly more remaining cells compared to SMO and SLA50
after the mechanical washes (Fig. 7). The lower contact
angle found on AE may have contributed to a higher num-
ber of adherent cells, as increased hydrophilicity has been
shown to enhance cell adhesion by way of increased actin
development and focal adhesion formation.35 In addition to
FIGURE 9. Above: Fluorescent plate reader data showing hydroxyapatite formation after 21 days in culture. Each bar represents the mean6 1 SD
(N53) (n53). *p< 0.05 substrate verses SMO. #p< 0.05 substrate verses AE. Below: Fluorescence microscope images showing hydroxyapatite
distribution on the substrate surface. Green depicts hydroxyapatite nodules. Scale bar5 800 mm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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wettability, increases in cell adhesion have been reported on
sand blasted titanium substrates with increased rough-
ness,31 implying that the roughness formed on SLA250 may
be advantageous for MSC adhesion.
Another important factor for implant performance is the
rate at which the device can promote the osteogenic differ-
entiation of MSCs. MSCs are the ﬁrst cells with osteogenic
potential recruited to the site of implant placement, where
they differentiate into osteoblasts capable of forming new
bone tissue.36,37 If the implant surface can be modiﬁed to
enhance this process, it should result in increased implant
stability and osseointegration.38 In the present study it was
found that both SLA substrates promoted a signiﬁcantly
higher level of osteogenic differentiation compared to SMO
and AE, through the deposition of calcium (Fig. 8) and for-
mation of hydroxyapatite (Fig. 9). Whilst hydroxyapatite
was similar on both SLA substrates, SLA250 stimulated the
greatest amount of mineralization (Fig. 8). It has been
reported that residual aluminum in high concentrations can
inhibit matrix mineralization in osteoblasts derived from
alveolar bone39 although no inhibitory affect from the SLA
substrates was observed in the present study. ALP, which is
accepted as an early stage marker of the differentiation pro-
cess,40 was not affected by surface topography after 5 days
in culture (Fig. 10).
The results of the present study is an early indication
that surface modiﬁcation of CoCrMo by sandblasting and
acid etching may prove to be advantageous by enhancing
cellular responses through increased levels of cell adhesion,
proliferation, and osteogenic differentiation. It is highly
likely that the combination of surface features on the micro-
and nanoscale is inﬂuential to this result,15 as CoCrMo sub-
strates with either nanophase and micron scale features
have been shown to be superior over conventional
CoCrMo.41,42 In contrast, CoCrMo porous bead coated
implants that underwent acid etching were shown to pro-
mote no signiﬁcant improvement over control implants in a
canine model43 emphasizing the sensitivity of topographical
surface modiﬁcation. This high degree of sensitivity was
observed in the present study by the favorability of SLA250
over SLA50, when only a small difference in Ra of 0.2 mm
existed between the two surfaces. It is likely that the combi-
nation of increased surface roughness and less aluminum
contamination on SLA250 resulted in its superior perform-
ance.26,33,39 Further studies which focus on the removal of
residual aluminum particles whilst maintaining an optimum
level of surface roughness may prove to be advantageous
for further enhancing the bioactivity of CoCrMo.
CONCLUSION
This study assessed the behavior of human MSCs on four
surface topographies created on CoCrMo. The results indi-
cate the properties of the SLA250 surface promoted a supe-
rior level of bioactivity by way of enhancing cell adhesion,
proliferation, and markers of osteogenic differentiation,
despite the presence of low levels of aluminum residue.
Application of this surface topography onto implants formed
of CoCrMo may prove to be advantageous by enhancing
bone formation which may result in reduced healing times
and improved implant stability.
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